Post-translational modifications of proteins have important roles in the regulation of protein activity. One such modification, S-nitrosylation, involves the covalent binding of nitric oxide (NO)-related species to a cysteine residue. Recent work showed that protein S-nitrosylation has crucial functions in plant development and environmental responses. In the present study, we investigated the importance of protein S-nitrosylation for xylem vessel cell differentiation using a forward genetics approach. We performed ethyl methanesulfonate mutagenesis of a transgenic Arabidopsis 35S::VND7-VP16-GR line in which the activity of VASCULAR-RELATED NAC-DOMAIN7 (VND7), a key transcription factor involved in xylem vessel cell differentiation, can be induced post-translationally by glucocorticoid treatment, with the goal of obtaining suppressor mutants that failed to differentiate ectopic xylem vessel cells; we named these mutants suppressor of ectopic vessel cell differentiation induced by VND7 (seiv) mutants. We found the seiv1 mutant to be a recessive mutant in which ectopic xylem cell differentiation was inhibited, especially in aboveground organs. In seiv1 mutants, a single nucleic acid substitution (G to A) leading to an amino acid substitution (E36K) was present in the gene encoding S-NITROSOGLUTATHIONE REDUCTASE 1 (GSNOR1), which regulates the turnover of the natural NO donor, S-nitrosoglutathione. An in vitro S-nitrosylation assay revealed that VND7 can be S-nitrosylated at Cys264 and Cys320 located near the transactivation activity-related domains, which were shown to be important for transactivation activity of VND7 by transient reporter assay. Our results suggest crucial roles for GSNOR1-regulated protein S-nitrosylation in xylem vessel cell differentiation, partly through the posttranslational modification of VND7.
Introduction
Our understanding of post-translational protein modifications is rapidly expanding (Wang et al. 2014 , Snider and Omary 2014 , Skelly et al. 2016 ). One such protein modification, S-nitrosylation, is a reversible modification involving covalent binding between nitric oxide (NO)-related species and a cysteine residue (Jaffrey et al. 2001 ). S-nitrosylation represents an important mechanism for directly relating cellular redox state and protein activity (Spoel et al. 2010 , Gupta 2011 . The extent of S-nitrosylation of a protein depends on the balance between the rates of nitrosylation and denitrosylation. Although S-nitrosothiols are generally considered to be labile, S-nitrosylation reactions are not spontaneously reversible (Hogg 2002) ; instead, denitrosylation is thought to be actively regulated by specific enzymes (Zaffagnini et al. 2013 , Kneeshaw et al. 2014 . One of these enzymes, the denitrosylase S-NITROSOGLUTATHIONE REDUCTASE (GSNOR), was originally described as glutathione-dependent formaldehyde dehydrogenase, a member of the class III alcohol dehydrogenase family (Benhar et al. 2009 ). GSNOR reduces S-nitrosoglutathione (GSNO), an important donor molecule of the NO group for protein S-nitrosylation, but does not act on S-nitrosylated proteins directly (Liu et al. 2001) . Therefore, GSNOR is thought to regulate protein S-nitrosylation by affecting the equilibrium between S-nitrosylated proteins and GSNO to maintain cellular Snitrosothiol homeostasis (Feechan et al. 2005 , Frungillo et al. 2014 , Gong et al. 2015 .
In vascular plants, the long-distance transport of low molecular weight compounds such as water and nutrients is conducted by xylem vessels. Xylem vessels are composed of xylem vessel cells, which undergo programmed cell death (PCD) during development and have a characteristic thickened secondary cell wall (SCW). The SCW of xylem vessel cells exhibits an annular, spiral, reticulate or pitted pattern, and typically contains cellulose, hemicellulose and lignin (reviewed by Fukuda 2004 , Oda and Fukuda 2012 , Schuetz et al. 2013 , Kumar et al. 2016 . PCD leads to the loss of all cellular contents in xylem vessel cells and the formation of a hollow structure for water conduction (Fukuda 2004 , Turner et al. 2007 , Escamez and Tuominen 2014 . The water conductivity of hollow dead cells is estimated to be higher than that of living cells (Sperry 2003) ; thus, PCD is thought to represent a critical innovation required for water conduction cells that developed during early land plant evolution (Xu et al. 2014) .
VASCULAR-RELATED NAC DOMAIN1 (VND1) to VND7, encoding a plant-specific class of NAC transcription factors functioning as key regulators of xylem vessel differentiation, were identified using an inducible xylem vessel cell differentiation system involving Arabidopsis thaliana (Arabidopsis) suspension cell cultures (Kubo et al. 2005) . All VND genes are expressed in developing xylem vessel cells, suggesting that they are involved in xylem vessel cell differentiation (Kubo et al. 2005 , Yamaguchi et al. 2008 . Additionally, overexpression analysis showed that VND6 and VND7 induce the ectopic differentiation of metaxylem-type and protoxylem-type vessel cells, i.e. cells with SCWs exhibiting pitted and helical patterns, respectively (Kubo et al. 2005) . The strong ability of VND6 and VND7 to induce xylem vessel cell differentiation has led to the discovery of downstream factors that function in xylem vessel cell formation (Ohashi-Ito et al. 2010 , Zhong et al. 2010 , Yamaguchi et al. 2011 . Ongoing work has identified a specific set of genes that are directly regulated by VND6 and/or VND7, such as the genes involved in PCD and SCW formation. These genes include MYB46 and MYB83, which encode R2R3-type MYB transcription factors that up-regulate SCW polymer biosynthetic enzyme genes such as IRREGULAR XYLEM (IRX1)/CesA8 and IRX5/CesA4 (encoding SCW-specific cellulose synthases) and XYLEM CYSTEINE PEPTIDASE1 (XCP1), XCP2 and METACASPASE9 (MC9) (which are involved in PCD) (Ohashi-Ito et al. 2010 , Zhong et al. 2010 , Yamaguchi et al. 2011 . These findings suggest that VND proteins induce whole sets of genes required for xylem vessel cell differentiation either directly or indirectly, functioning as master regulators of xylem vessel cell differentiation (reviewed by Ye 2015, Nakano et al. 2015) .
In this study, we searched for novel regulators of VND7 activity using a forward genetic approach with the Arabidopsis VND7 inducible system (35S::VND7-VP16-GR) (Yamaguchi et al. 2010) . In this system, VND7 is expressed as a fusion protein with the transcriptional activation domain of the herpes virus VP16 protein and a rat glucocorticoid receptor (GR) domain, which promotes the translocation of the protein into the nucleus under dexamethasone (DEX) treatment. Upon glucocorticoid treatment, VND7 activity is strongly induced, resulting in the transdifferentiation of almost all cells of 35S::VND7-VP16-GR plants into ectopic xylem vessel cells (Yamaguchi et al. 2010) . To isolate novel mutants related to the regulation of VND7 activity, we mutagenized transgenic Arabidopsis carrying 35S::VND7-VP16-GR using ethyl methanesulfonate (EMS). We screened for suppressor mutants that failed to differentiate ectopic xylem vessel cells. Among the lines obtained, the recessive mutant suppressor of ectopic vessel cell differentiation induced by VND7 (seiv1) showed inhibited ectopic xylem cell differentiation, especially in aboveground organs. Cloning of the gene responsible for the seiv1 mutation revealed that the phenotypes of seiv1 could be attributed to the loss-of-function mutation of GSNOR1. Our findings suggest that the GSNORbased regulation of protein S-nitrosylation plays critical roles in xylem vessel cell differentiation.
Results
Suppression phenotype of seiv1 for ectopic xylem vessel cell differentiation
In the Arabidopsis VND7 inducible line 35S::VND7-VP16-GR, the application of glucocorticoids such as DEX can induce the transdifferentiation of xylem vessel cells in almost all types of cells in seedlings (Yamaguchi et al. 2010) . To isolate novel regulatory factors modulating VND7 activity, we mutagenized 35S::VND7-VP16-GR plants with EMS and screened for suppressor mutants lacking ectopic xylem vessel cell differentiation, and we named these mutants suppressor of ectopic vessel cell differentiation induced by VND7 (seiv) (Supplementary Fig. S1 ). One such seiv mutant was the recessive line seiv1, in which ectopic xylem vessel cell formation was inhibited. Whereas seiv1 35S::VND7-VP16-GR (hereafter we call it simply seiv1) seedlings survived after DEX treatment, wild-type 35S::VND7-VP16-GR seedlings died after their cells transdifferentiated into xylem vessel cells (Fig. 1A) .
To investigate the suppression of ectopic xylem vessel cell differentiation in seiv1, we treated 7-day-old wild-type 35S::VND7-VP16-GR and seiv1 seedlings, as well as the vector control, with or without 10 mM DEX for 4 d. In the vector control plants, no apparent difference in growth and development was found between seedlings with and without DEX treatment (Figs. 1, 2) . In contrast, in wild-type 35S::VND7-VP16-GR seedlings, transdifferentiation into xylem vessel cells occurred in all cell types in response to DEX treatment, as previously reported ( Fig. 2; Yamaguchi et al. 2010) . Various SCW deposition patterns were observed in cotyledon, leaf, hypocotyl and root cells (Fig. 2) , and the seedlings turned white as the cells underwent PCD ( Fig. 1; Yamaguchi et al. 2010) . The seiv1 seedlings, however, did not exhibit bleaching after DEX treatment (Fig. 1) . In the cotyledons and leaves of seiv1 mutants, we observed no ectopic SCW formation in mesophyll cells (Figs. 1, 2) . Suppressed ectopic SCW formation was also observed in seiv1 hypocotyls, while seiv1 root cells showed ectopic SCWs with helical patterns similar to those of the wild-type 35S::VND7-VP16-GR (Fig. 2) . These results indicate that ectopic xylem vessel cell differentiation is strongly suppressed in aboveground organs of the seiv1 mutant.
Notably, seiv1 seedlings displayed a severe dwarf phenotype, even when grown in the absence of DEX treatment (Fig. 1) . Defective growth was observed in seiv1 plants throughout their life cycle, implying that the gene responsible for the seiv1 mutation plays a critical role in plant growth and development.
Expression analysis of VND7-downstream genes during ectopic xylem vessel cell differentiation
To investigate the expression patterns of VND7-downstream genes in seiv1, we carried out quantitative reverse transcription PCR (RT-PCR) analysis using total RNA samples prepared from wild-type 35S::VND7-VP16-GR, seiv1 and vector control plants treated with or without 10 mM DEX for 1 d. The tested genes included: the SCW-specific cellulose synthase genes CesA4, CesA7 and CesA8 (Taylor 2003) ; the biosynthetic genes for the hemicellulosic polysaccharide xylan, IRX8 (Persson et al. 2007 ) and IRX10 (Brown et al. 2009 ); the transcription factor genes ASYMMETRIC LEAVES2-LIKE 19 (ASL19)/LATERAL ORGAN BOUNDARIES-DOMAIN 30 (LBD30) (Soyano et al. 2008 ) and MYB46 (Kim et al. 2013) ; and the PCD marker xylem-specific cysteine peptidase gene XCP1 (Funk et al. 2002 , Avci et al. 2008 . Even without DEX treatment, these VND7-downstream genes were expressed at higher levels in wild-type 35S::VND7-VP16-GR than in the vector control (Fig. 3A) . DEX treatment greatly increased the expression of these genes in 35S::VND7-VP16-GR, with levels >100 times higher than those in the vector control (Fig. 3B) . In contrast, in seiv1 plants, the increase in VND7-downstream gene expression by DEX treatment was suppressed; although VND7-downstream genes were up-regulated by DEX treatment, their expression levels were up-regulated 10-fold compared with the vector control (Fig. 3B) . We also detected suppressed expression of VND7-downstream genes in seiv1 mutants without DEX treatment (Fig.  3A) , suggesting that the ability of VND7 to induce the expression of xylem vessel cell-related genes in seiv1 is affected not only during ectopic xylem vessel cell differentiation, but also during endogenous xylem vessel development.
We examined endogenous and exogenous VND7 gene expression levels in wild-type 35S::VND7-VP16-GR, seiv1 and vector control plants. The exogenous VND7, i.e. the VND7 gene contained in the chimeric cassette 35S::VND7-VP16-GR, was driven by the strong, constitutive Cauliflower mosaic virus (CaMV) 35S promoter. Importantly, due to its constitutive expression, the levels of exogenous VND7 gene expression were not altered by DEX treatment in 35S::VND7-VP16-GR and seiv1 plants (Fig. 4A) , but DEX treatment triggered the translocation of pre-existing VND7-VP16-GR into the nucleus. Consistent with the observation that VND7 itself up-regulates VND7 expression , the wild-type 35S::VND7-VP16-GR plants showed increased endogenous VND7 expression after the induction of VND7 activity by DEX treatment (Fig. 4B) . In contrast, this up-regulated endogenous VND7 expression via DEX treatment was not observed in seiv1 mutants (Fig. 4B) , as observed for VND7-downstream genes (Fig. 3B) . Moreover, the level of endogenous VND7 expression was lower in seiv1 than in the wild type and vector control under mock treatment (Fig. 4B) . Therefore, the reduced expression of VND7-downstream genes in seiv1 under mock treatment (Fig. 3A) could be attributed to a defect in endogenous VND7 expression.
Whole-genome resequencing to identify polymorphisms in the seiv1 genome Next, to identify the gene responsible for the seiv1 phenotype, we performed whole-genome resequencing using genomic DNA samples from wild-type 35S::VND7-VP16-GR and seiv1 plants. We analyzed the sequencing data to detect singlenucleotide polymorphisms (SNPs) among the reference Col-0, the wild-type 35S::VND7-VP16-GR and seiv1. The wild-type 35S::VND7-VP16-GR and seiv1 genomes possess 4,087 and 4,748 SNPs, respectively, compared with the reference Col-0 genome (Supplementary Table S1 ). To identify SNPs related to the seiv1 phenotype, we removed SNPs commonly found in wild-type 35S::VND7-VP16-GR and seiv1, resulting in the detection of 712 SNPs present only in the seiv1 genome, relative to Col-0 and the wild-type 35S::VND7-VP16-GR ( Supplementary  Fig. S2 , Supplementary Table S1). We ultimately selected 15 SNPs in 15 genes, as these homozygous SNPs were predicted to result in amino acid substitutions (Supplementary Table S2 ). These SNPs were all located on Chromosome 5, with C/G to T/A substitutions, as expected for EMS mutagenesis (Supplementary Table S2 ). Resequencing of these SNPs by Sanger sequencing verified all 15 SNPs in seiv1 mutants. The phenotypes of seiv1 are similar to those of the S-nitrosoglutathione reductase 1 mutant
The seiv1-specific SNPs were found in 15 genes for which corresponding mutants have been reported (Supplementary Table S2 ). One of these genes, AT5G43940, encodes GSNOR1, the mutants of which include gsnor1-3 (Feechan et al. 2005) , paraquat resistant 2 (par2-1) (Chen et al. 2009 ) and sensitive to hot temperatures 5 (hot5) (Lee et al. 2008) . The lossof-function mutants of AT5G43940 show severe growth defects similar to those of seiv1 ( Fig. 1) , prompting us to investigate whether seiv1 shares other phenotypes found in the gsnor1 mutants. First, we examined the paraquat resistance phenotype reported for par2-1, in which the missense mutation makes GSNOR1 unstable (Chen et al. 2009 ). In the presence of paraquat, the growth of wild-type 35S::VND7-VP16-GR and vector control plants was arrested during seedling development, whereas seiv1 plants had greening cotyledons in the presence of paraquat ( Supplementary Fig. S3A ), indicating that seiv1 is a paraquat-resistant mutant. Additionally, the gsnor1-3, hot5 and par2-1 mutants have higher levels of NO species than the wild type (Feechan et al. 2005 , Lee et al. 2008 , Chen et al. 2009 ). Therefore, we also analyzed the intracellular NO levels in seiv1 by staining the plants with 4,5-diaminofluorescein diacetate (DAF-2DA), a fluorescent dye used for in vivo imaging of NO (Lee et al. 2008 , Chen et al. 2009 ). The DAF-2DA fluorescent signals were undetectable in both wild-type 35S::VND7-VP16-GR and vector control roots, but obvious DAF-2DA signals were detected in seiv1, suggesting that the NO level was increased in seiv1 mutants, as previously described for gsnor1-3 mutants (Supplementary Fig. S3B ; Feechan et al. 2005 , Lee et al. 2008 , Chen et al. 2009 ). These results suggest that NO levels are higher in seiv1 than in the wild type, which is consistent with the phenotype described for the loss-of-function mutants of GSNOR1 (Feechan et al. 2005 , Lee et al. 2008 , Chen et al. 2009 ).
GSNOR1 is a responsible for the seiv1 phenotypes
The gsnor1-related phenotypes of seiv1 described above strongly suggested that seiv1 is a gsnor1 mutant allele. To investigate this possibility, we performed a complementation test of seiv1 with the wild-type GSNOR1 genomic fragment. The seiv1 seedlings carrying the wild-type GSNOR1 genomic fragment recovered the bleaching phenotype typically observed after DEX treatment in wild-type 35S::VND7-VP16-GR seedlings (Fig. 5A) . The dwarf phenotype of seiv1 was also rescued by the introduction of the wild-type GSNOR1 genomic fragment into seiv1 (Fig. 5B) . These results indicate that the gene responsible for the seiv1 mutant phenotypes, i.e. the suppression of ectopic xylem vessel cell differentiation and growth defects, is GSNOR1. In the seiv1 genome, a G to A transition was found in the second exon of GSNOR1 (Fig. 5C ), leading to the substitution of a glutamic acid residue at the 36th position with a lysine residue (E36K) in seiv1 (Fig. 5D ). The glutamic acid residue at the 36th position is present in the catalytic domain of GSNOR (Kubienová et al. 2013) and is highly conserved among GSNOR proteins in plants, animals and bacteria (Fig. 5D) . Therefore, the seiv1 mutant is a recessive mutant that could be rescued by a wild-type copy of GSNOR1 and whose phenotypes are similar to those of previously reported loss-of-function GSNOR1 mutants, indicating that the E36K missense mutation in seiv1 represents a novel loss-of-function mutant allele of GSNOR1.
Loss-of-function mutations of GSNOR1 affect endogenous xylem vessel formation
Expression analysis of VND7-downstream genes showed that the expression levels of xylem vessel cell-related genes were reduced in seiv1, even without DEX treatment (Fig. 3) , suggesting that the gsnor1 mutations affect endogenous xylem vessel cell differentiation. To investigate this possibility, we examined the venation patterns in 7-day-old cotyledons from vector control, wild-type 35S::VND7-VP16-GR, seiv1 and gsnor1-3 plants. In the vector control and wild-type 35S::VND7-VP16-GR, most veins exhibited the typical venation pattern, with secondary veins branching from the mid-vein to form four loops without gaps (pattern 5; Fig. 6 ). In contrast, in seiv1 and gsnor1-3, we detected venation patterns 6-8, which were not found in the vector control or wild type (Fig. 6) . Plants with patterns 6 and 7 have disconnected veins (15.4% of seiv1 and 34.7% of gsnor1-3), and those with pattern 8 contain vascular islands (13.9% of seiv1 and 4.1% of gsnor1-3 plants). These results indicate that the gsnor1 mutations affect endogenous xylem vessel formation.
VND7 protein can be S-nitrosylated in vitro
In seiv1, the induction of all investigated VND7-downstream genes in response to DEX treatment appeared to be defective (Fig. 3B) . These findings led us to hypothesize that S-nitrosylation of VND7 protein is important for its function.
To investigate this idea, we carried out a biotin switch assay (Jaffrey et al. 2001 ) using rabbit muscle glyceraldehyde phosphate dehydrogenase (GAPDH) protein (#G2267, Sigma) as a positive control (Galli et al. 1998 ) and maltose-binding protein (MBP)-multicloning site (MCS) protein as a negative control. Recombinant VND7 protein tagged with MBP (MBP-VND7) was expressed in Escherichia coli. After optimizing the experimental conditions to reduce false-positive results in the biotin switch assay (Fig. 7A, B ; Wang et al. 2008 ), we subjected MBP-VND7 to this assay. Anti-biotin antibodies produced positive signals in the presence of the NO carrier GSNO, but not with glutathione alone (Fig. 7B) , indicating that VND7 can undergo S-nitrosylation.
Since S-nitrosylation occurs at cysteine residues, we investigated which cysteine residues in VND7 are targeted for S-nitrosylation. VND7 possesses four cysteine residues, Cys58, Cys153, Cys264 and Cys320 (Fig. 7A) . Grantham polarity plot analysis Fig. 3 Expression analysis of VND7 downstream genes with or without dexamethasone (DEX) treatment. Seven-day-old seedlings of vector control (black bars), wild-type 35S::VND7-VP16-GR (white bars) and seiv1 (hatched bars) were treated without (A) or with DEX (B) for 1 d and subjected to total RNA extraction. The expression levels of SCW-specific cellulose synthase genes (CesA4, CesA7 and CesA8), biosynthetic genes for the hemicellulosic polysaccharide xylan (IRX8 and IRX10), transcription factor genes (ASL19/LBD30 and MYB46) and a xylem-specific cysteine peptidase gene (XCP1), all of which function downstream of VND7, were examined by quantitative RT-PCR analysis. The UBQ10 gene was used as an internal control, and relative values for the vector control results are shown (i.e. the values of the vector control samples were set to 1.0). Results are shown as means ± SD (n = 3). Different letters indicate statistically significant differences (P < 0.05, Tukey's test). Note that the scale differs between (A) and (B). (http://web.expasy.org/protscale/) with a window size of nine amino acids indicated that Cys264 and Cys320 are surrounded by polar amino acids in an environment with a high electrostatic potential, suggesting that Cys264 and Cys320 are in a favorable environment for S-nitrosylation. In contrast, the environments of Cys58 and Cys153 are characterized by a low electrostatic potential ( Supplementary Fig. S4 ), which is less likely to favor S-nitrosylation.
To test these predictions, we substituted cysteine residues with serine residues in recombinant VND7 proteins by site-directed, ligase-independent mutagenesis (SLIM) (Chiu et al. 2004) . For each of the four possible S-nitrosylation sites, each of the other available cysteines was mutated to a serine, and Snitrosylation of C58 was examined with the C153S/C264S/ C320S triple mutant protein. When C264 and C320 were the only available sites, a positive signal was found in the biotin switch assay (Fig. 7C) . In contrast, the substitution of both Cys264 and Cys320 eliminated the S-nitrosylated signals (Fig. 7C) , indicating that Cys264 and Cys320 of VND7 are targets of S-nitrosylation.
Transactivation activity of VND7 is affected by the mutations of Cys264 and Cys320
We also tested effects of increased NO level and of substitutions of Cys264 and Cys320 on transcriptional activation activity of VND7 by a transient reporter assay. The chimeric genes of XCP1 (X1E1) pro::LUC, in which the firefly luciferase gene was fused with the XCP1 promoter fragment X1E1 (the promoter region of -148 to -96 bp sufficient to interact with VND7; Yamaguchi et al. 2011 ) was used as the reporter (Fig. 8A) . As the effectors, 35S::VND7 containing the coding region of wild-type VND7 or mutated VND7, which has substitutions of Cys264 and/or Cys320 into serine or tryptophan (single mutants of C264S, C320S, C264W and C320W, and double mutants of C264S/C320S and C264W/C320W), fused with the CaMV 35S promoter were used (Fig. 8A) . The plasmids containing these fusion genes were co-introduced with the reference 35S::RLUC plasmid into protoplast cells derived from Arabidopsis cultured cells, by the polyethylene glycol (PEG)-based method (Abel and Theologis 1994) .
The luciferase activity of wild-type VND7 was >140 times larger than that of the control (35S::MCS) under mock culture condition (Fig. 8B) . Notably, in the presence of GSNO in the culture medium, the luciferase activity activated by the wildtype VND7 was half the value of mock conditions (Fig. 8B) . A similar decrease in the control effector (35S::MCS) suggested that the increased NO level could also affect basal levels of gene expression. We next examined the transactivation activities of mutant VND7. As a result, it was indicated that all mutations of Cys264 and/or Cys320 to serine or tryptophan, which were expected to mimic non-S-nitrosylated or S-nitrosylated forms of VND7, respectively, decreased the luciferase activity compared with the wild-type VND7 (Fig. 8C) , suggesting the importance of Cys264 and Cys320 residues for the regulation of VND7 transactivation activity. 
Discussion

GSNOR1-mediated regulation of NO metabolism is critical for xylem vessel cell differentiation
In this study, we demonstrated that seiv1, a suppressor mutant for xylem vessel cell differentiation, is a novel mutant allele of GSNOR1, which functions in the maintenance of cellular Snitrosothiol homeostasis (Feechan et al. 2005 , Lee et al. 2008 , Airaki et al. 2011 , Frungillo et al. 2014 . Notably, the seiv1 point mutant shares phenotypes reported for loss-of-function gsnor1 mutants, such as paraquat resistance (Supplementary Fig.  S3A ; Chen et al. 2009 ) and increased cellular NO levels (Supplementary Fig. S3B ; Lee et al. 2008 , Chen et al. 2009 ). In seiv1, both ectopic and endogenous xylem vessel cell differentiation were suppressed (Figs. 2, 6 ). Similar abnormalities in vein formation in cotyledons, i.e. discontinuous venation and the formation of vascular islands, were observed in both seiv1 and gsnor1-3 (Fig. 6) , supporting the conclusion that GSNOR1-based NO metabolism is critical for xylem vessel cell formation. NO is a highly active reactive nitrogen species, and the regulation of NO levels is important for many cellular functions, including the basal activity for gene expression (Fig. 8B) ; the increased NO levels in seiv1 (Supplementary Fig. S3B ) and gsnor1-3 (Feechan et al. 2005 , Lee et al. 2008 ) mutants suggest that higher NO levels have a negative effect on xylem vessel cell formation. In particular, the seiv1 mutants showed severely suppressed xylem vessel cell differentiation in aboveground organs, whereas the effects on transdifferentiation of root cells were mild (Fig. 2) , suggesting that the effects of intracellular NO levels on xylem vessel cell formation differ between xylem tissues in roots and shoots.
Misregulation of protein S-nitrosylation affects xylem vessel cell differentiation
The state of protein S-nitrosylation is affected in the gsnor1-3 mutants (Hu et al. 2015) , probably due to the disruption of normal S-nitrosothiol homeostasis. Few studies have focused on the effects of S-nitrosylation on protein activity (Spoel et al. 2010 , Yu et al. 2014 , Gibbs et al. 2015 . However, S-nitrosylation of MC9, a metacaspase protein found preferentially in developing xylem and a direct regulatory target of VND7 (Yamaguchi et al. 2011) , suppresses its autoprocessing during maturation, as well as its proteolytic activity (Belenghi et al. 2007 ). Therefore, in seiv1 and gsnor1-3, in which S-nitrosylation of MC9 appears to be enhanced, MC9 activity may be reduced, leading to inhibited xylem vessel cell differentiation. MC9 was not detected by large-scale S-nitrosylation proteome analysis (Hu et al. 2015) , suggesting that the current large-scale proteome data lack information about S-nitrosylation of cell type-specific proteins, such as differentiating xylem vessel cells, which survive for only a short period of time during development before PCD. Subjecting 35S::VND7-VP16-GR and seiv1 plants to S-nitrosylation proteome analysis represents a promising strategy for obtaining such information.
Protein S-nitrosylation during xylem vessel cell differentiation may also be related to auxin signaling. Auxin is a critical factor in vascular cell development, including xylem vessel cell differentiation (reviewed by Miyashima et al. 2013) . The core molecular mechanism of auxin signaling involves rapid ubiquitin-mediated degradation of Auxin/IAA transcriptional repressors, which inhibit the transcriptional activation activities of Auxin Response Factor (ARF) transcription factors through the action of the E3-ubiquitin ligase complex, SCF TIR1/AFB (Gray et al. 2001, Dharmasiri and Estelle 2004) . Auxin stabilizes the interaction between TIR1/AFB and Auxin/IAA proteins, leading to the ubiquitination and degradation of Auxin/IAA proteins (Dharmasiri et al. 2005, Kepinski and Leyser 2005, protein series with cysteine (C) to serine (S) substitutions were subjected to a biotin switch assay. Signals were detected in proteins harboring Cys264 or Cys320, indicating that these two cysteine residues can be S-nitrosylated in vitro. Asterisks indicate statistically significant differences (Welch's t-test; *P < 0.05, **P < 0.01) from the values for the wild-type VND7 (WT). Tan et al. 2007 ). S-nitrosylation of TIR1 enhances the TIR1-Auxin/IAA interaction, facilitating Auxin/IAA degradation and subsequently promoting the activation of gene expression by ARFs (Terrile et al. 2012) . Ectopic expression of IAA2pro-GUS is associated with the disconnected vein regions found in hyd1 mutant cotyledons (Pullen et al. 2010) , clearly suggesting the importance of proper regulation of Auxin/IAA expression for vein formation. Based on these findings, the abnormal venation patterns found in seiv1 and gsnor1-3 mutant plants could be explained, at least in part, by misregulation of TIR1 S-nitrosylation, which would result in aberrant auxin signaling.
The roles of GSNOR and protein S-nitrosylation can also be considered from the viewpoint of the relationship of this posttranslational modification to other types of protein modifications. Cysteine is a target of several types of reversible oxidative modifications, including S-nitrosylation, S-sulfenylation, S-glutathionylation, disulfide bond formation and S-acylation, in addition to irreversible modifications, such as sulfonic acid modification (Gu et al. 2002 , Hogg 2003 , Hess et al. 2005 , Paulsen and Carroll 2013 . Perhaps GSNOR-mediated regulation of protein S-nitrosylation helps protect cysteine residues from potentially toxic oxidative modifications, such as sulfonic acid modification (Gu et al. 2002 , Hess et al. 2005 . Notably, Snitrosylation of the histidine phosphotransfer protein AHP1, an important mediator of the phosphate relay system for cytokinin signaling, represses its phosphorylation and subsequent transfer of the phosphoryl group to its response regulator, ARR1 (Feng et al. 2013) . The potential for cross-talk between S-nitrosylation and phosphorylation in the regulation of cell signaling suggests that cytokinin signaling could also be affected in the seiv1 and gsnor1-3 mutants. Detailed transcriptomic and S-nitrosylation proteomic analyses of these mutants should help uncover the impact of misregulation of protein S-nitrosylation on xylem vessel formation.
VND7 is a target of S-nitrosylation modification
Finally, we found that the Cys264 and Cys320 residues of VND7 can be S-nitrosylated in vitro based on a biotin switch assay of recombinant VND7 protein (Fig. 7) . As VND7 is not listed in previously reported S-nitrosylation proteome data (Hu et al. 2015) , our results provide a novel example of an S-nitrosylated Arabidopsis protein. The possible S-nitrosylation target residues of VND7, Cys264 and Cys320, are localized near the LP-and WQ-box transactivation domains ( Fig. 7; Yamaguchi et al. 2008) . Our quantitative RT-PCR data show that the activation of VND7-downstream gene expression is repressed in the seiv1 mutant (Fig. 3) , suggesting that the increased S-nitrosylation of VND7 at Cys264 and/or Cys320 has an inhibitory effect on VND7 transcriptional activation activity. Indeed, the transient reporter assay (Fig. 8) demonstrated that the transactivation activity of VND7 is decreased by the C264W/C320W mutations that may mimic S-nitrosylation (Feng et al. 2013) . In consideration of the negative effects of GSNO application on VND7 transcriptional activation activity (Fig. 8B) , the regulation of target gene expression by VND7 should be greatly disturbed in the seiv1 mutant, where the NO level was increased ( Supplementary Fig. S3B ). However, interestingly, we also found that the C264S and C320S mutations eliminating S-nitrosylation (Fig. 7C) affected the transactivation activity of VND7 (Fig. 8C) . The latter finding would suggest that Cys264 and Cys320 are involved in the regulation of VND7 transactivation activity, through multiple types of cysteine-based post-translational modification, as discussed above. The Cys320 residue of VND7, which possesses relatively high polarity (Fig. 7) , appears to be conserved in other VND family proteins ( Supplementary  Fig. S5 ), whereas Cys264 is not, perhaps reflecting the different regulatory mechanisms for VND7 compared with other family members. Further analysis should be carried out to help clarify whether VND7 is S-nitrosylated in vivo, as well as the roles of S-nitrosylation in the regulation of VND protein activity.
In summary, we showed the importance of GSNOR1-based NO metabolism for xylem vessel cell differentiation. In addition, the effects of the seiv1 mutation on xylem cell formation can be partly attributed to misregulation of S-nitrosylation of several key proteins that regulate xylem vessel cell differentiation, including TIR1/AFB, MC9 and VND7. Therefore, our findings indicate that the regulation of NO metabolism and protein Snitrosylation functions as one of the critical layers in the regulation of xylem vessel cell differentiation.
Materials and Methods
Plant materials and growth conditions
The 35S::VND7-VP16-GR and 35S::VP16-GR (vector control) A. thaliana plants were described in Yamaguchi et al. (2010) . The gsnor1-3 mutant (Feechan et al. 2005) was kindly provided by Dr. Loake (University of Edinburgh).
Seeds were surface-sterilized with 0.2% (v/v) PPM solution (Plant Cell Technology) and sown on agar-solidified Murashige and Skoog plates [MS salts (Wako Pure Chemical), 1% (w/v) sucrose, 0.5 g l À1 MES and 0.6% (w/v) agar, pH 5.7]. The plates were incubated at 4 C for 2-4 d, followed by transfer to an incubator at 22 C under continuous light conditions. For long-term plant culture, the plants were grown on plates for 2-3 weeks, transferred to soil and cultured in a growth chamber at 22 C under a 16 h light/8 h dark photoperiod.
DEX treatment to induce ectopic xylem vessel cell differentiation
Ectopic xylem vessel cell differentiation was induced as described in Yamaguchi et al. (2010) . Briefly, 7-day-old seedlings were treated with DEX, a synthetic glucocorticoid, via the addition of 10 mM DEX solution. The plates were incubated for 1 d (for expression analysis) or 4 d (for histological observation) at 22 C under continuous light conditions.
Ethylmethane sulfonate mutagenesis and isolation of suppressor mutants
The 35S::VND7-VP16-GR seeds were mutagenized with EMS as described by Takahashi et al. (1994) with slight modifications. Briefly, approximately 25,000 35S::VND7-VP16-GR seeds were soaked for 16 h in 0.3% EMS with gentle agitation at room temperature. The EMS-treated seeds were washed five times for 1 min per wash with distilled water, followed by two washes with distilled water for 1 h, to obtain the M 1 seeds. Lots of approximately 2,000 M 1 seeds were planted separately to produce populations of M 2 generation seeds. The procedure described above was carried out three times independently, and thus a total of 75,000 seeds were subjected to EMS mutagenesis. To select candidate suppressor mutants, the M 2 seeds were subjected to DEX treatment as described below, and the surviving seedlings were grown to produce M 3 seeds. After a second screening using M 3 plants, positive lines were subjected to two rounds of backcrossing with 35S::VND7-VP16-GR to establish the mutant lines. The segregation rates of F 1 plants after the first backcross between each candidate line and a 35S::VND7-VP16-GR plant were calculated to determine whether the mutations responsible were inherited as Mendelian characteristics and if they were dominant or recessive.
Plasmid construction
For complementation analysis of seiv1 with GSNOR1, the genomic sequence of GSNOR1, including the 818 bp upstream region, was amplified by PCR using genomic DNA derived from wild-type Col-0 Arabidopsis as the template and cloned into the pENTR/D/TOPO vector (Invitrogen) according to the manufacturer's instructions. The GSNOR1 genomic fragment was then transferred into the Gateway destination vector pBG (Kubo et al., 2005) with LR Clonase (Invitrogen) to generate the GSNOR1(WT)/pBG plasmid.
To express the MBP-VND7 fusion proteins in E. coli, the coding sequence of VND7 was cloned in pENTR/D/TOPO (Invitrogen) and transferred into the Gateway destination vector pMAL-GWRFC (Yamaguchi et al. 2011) using LR Clonase (Invitrogen) .
Mutagenesis of the cysteine residues of VND7 was performed based on SLIM primer design (Chiu et al. 2004) , comprising three steps: (i) DNA amplification by PCR with primers targeting nucleotide mutations leading to amino acid substitutions; (ii) digestion of the methylated plasmid DNA with DpnI to remove the template and leave only the PCR product; and (iii) denaturation at 99 C for 3 min, followed by hybridization via two cycles of 65 C for 5 min and 30 C for 15 min. Escherichia coli was transformed with the resulting product to obtain the mutagenized plasmids.
To generate the effector and reporter plasmids for the transient reporter assay, the Gateway destination vectors pA35G and pAGL, respectively, described in Endo et al. (2015) were used. The amplified CDSs of the wildtype and mutagenized VND7, and XCP1 promoter fragments X1E1 (Yamaguchi et al. 2011) were cloned into pENTR/D/TOPO and then integrated into pA35G and pAGL, using LR Clonase, respectively.
Pyrobest DNA polymerase (TAKARA BIO INC.) was used for PCR amplification. Primer information is provided in Supplementary Table S3 .
Plant transformation
The GSNOR1(WT)/pBG plasmid was introduced into Agrobacterium tumefaciens strain GV3101::pMP90 by electroporation. The resulting transgenic Agrobacterium was used to transform heterozygous seiv1 plants via the floral-dip method (Clough and Bent 1998) . Transgenic seedlings were obtained by screening for antibiotic-resistant seedlings, leading to the establishment of transgenic homozygous seiv1 plant lines, seiv1/GSNOR1(WT).
Histological observations
To observe ectopic xylem vessel cells, mock-or DEX-treated seedlings were fixed in 90% (v/v) acetone for 2 h to 2 d. The samples were washed at least three times with 100 mM phosphate buffer (pH 7.2), incubated in an ethanol series for water absorption and mounted in clearing solution (8 g of chloral hydrate, 1 ml of glycerol and 2 ml of H 2 O). To observe venation patterns, cotyledons were fixed in fixative solution [ethanol : acetic acid (3 : 1)] for 1 h at room temperature. After washing with 70% ethanol, the samples were incubated in 100% ethanol at 4 C overnight and mounted in clearing solution.
Differential interference contrast (DIC) images were obtained under a light microscope (BX51; Olympus) and photographed with a digital DP70 camera (Olympus). The venation patterns were observed under dark-field optics (Olympus).
Genomic DNA extraction
To clone the genomic fragment of GSNOR1, 11-day-old wild-type Arabidopsis seedlings (Col-0) were subjected to DNA extraction. For Sanger sequencing of seiv1, the cotyledons were collected for DNA extraction. The samples were combined with 20 ml of PrepMan Ultra (Applied Biosystems), boiled for 5 min at 95 C and diluted 5-fold with ultrapure water. The resulting samples were used as the genomic DNA samples.
Quantitative RT-PCR analysis
Quantitative RT-PCR analysis was performed as described in Yamaguchi et al. (2011) . Briefly, for RNA extraction, the seedlings were ground with a TissueLyser II (Qiagen). Total RNA was isolated with an RNeasy Plant Mini Kit (Qiagen) according to the manufacturer's instructions. The cDNA synthesis was performed with 1 mg of total RNA using a Transcriptor First-strand cDNA Synthesis Kit (Roche). RT-PCR was carried out with LightCycler 480 DNA SYBR Green (Roche). UBQ10 was used as an internal control, and the expression levels were calculated relative to UBQ10. For VND7-downstream genes, the expression levels relative to the vector control are shown. The experiments were independently repeated three times.
Library preparation for whole-genome resequencing analysis
Seven-day-old F 2 seedlings obtained from a cross between wild-type 35S::VND7-VP16-GR and seiv1 were treated with DEX, and seedlings showing the suppression of ectopic xylem vessel cell differentiation, namely homozygous seedlings for the seiv1 mutation, were selected. A total of 120 homozygous seiv1 seedlings were collected and subjected to genomic DNA extraction for next-generation sequencing library preparation. The nuclear fractions were prepared using the 'Semi-pure Preparation of Nuclei Procedures' from the CelLytic PN Isolation/Extraction Kit (Sigma-Aldrich) from 120 bulked seedling samples of wild-type 35S::VND7-VP16-GR and seiv1, and subjected to genomic DNA extraction using a Plant DNeasy Mini kit (Qiagen). The genomic DNA was sheared using a Covaris S2 ultrasonicator (Covaris) to produce 100 bp fragments. A library for deep sequencing was generated using NEBNext DNA Sample Prep Master Mix Set 1 (New England BioLabs) and a Genomic DNA Sample Prep Oligo Only Kit (Illumina).
Whole-genome resequencing analysis to identify single nucleotide polymorphisms
After quality control, the libraries were subjected to deep sequencing on an Illumina Genome Analyzer IIx (Illumina) to obtain 75 bp reads according to the manufacturer's protocol. The raw output data (bcl files) were processed using the bcl2fastq program (Illumina) to obtain sequencing data with quality values (fastq files), and the fastq data from the parental line 35S::VND7-VP16-GR and seiv1 were mapped to the TAIR10 reference genome sequence of Arabidopsis (Col-0) using the Bowtie program (v0.12.9; http://bowtie-bio.sourceforge.net/index.shtml) with default parameters. SNPs between Col-0 and wild-type 35S::VND7-VP16-GR or between Col-0 and seiv1 were detected with Samtools software (v0.1.18; http:// samtools.sourceforge.net/). The SNPs were analyzed to identify SNPs located within coding sequences and/or exon-intron junctions using an in-house PERL script.
Recombinant VND7 protein expression in E. coli
The expression of recombinant VND7 protein in E. coli was carried out as described in Yamaguchi et al. (2011) with slight modifications. The wild-type or mutated VND7/pMAL-GWRFC plasmid was introduced into E. coli strain Rosetta-gamiB (DE3) pLysS (Novagen), and the expression of MBP-tagged VND7 protein was induced by treating the cells with 0.1 mM isopropyl-b-Dthiogalactopyranoside at 37 C for 4 h. MBP-VND7 protein was purified with amylose resin (New England BioLabs). Protein concentrations were analyzed using the Bradford method (Zor and Selinger 1996) with bovine serum albumin as a standard, and the recombinant proteins were purified from SDS-polyacrylamide gels. Large-scale production of recombinant proteins was carried out as described by Gräslund et al. (2008) .
Biotin switch assay
In vitro S-nitrosylation and subsequent biotinylation of S-nitrosylated proteins (the 'biotin switch assay') was performed as described by Jaffrey (2001) with some modifications. The experimental conditions were optimized using commercial GAPDH (from rabbit muscle, #G2267, Sigma), a well-studied S-nitrosylated protein, as a positive control. The optimized conditions were as follows: the proteins were extracted in HEN buffer (25 mM HEPES, pH 7.7, 1 mM EDTA and 0.1 mM neocuproine) and incubated in GSNO for 20 min at room temperature in the dark. The proteins were then incubated with 30 mM N-ethylmaleimide (NEM) and 2.5% (w/v) SDS at 50 C for 20 min, with frequent vortexing, to block the non-nitrosylated free cysteine residues. Residual NEM was removed by precipitation with 4 vols. of À 20 C acetone, and the precipitated proteins were washed at least twice with 80% (v/v) acetone. The proteins were resuspended in 100 ml of HEPES buffer containing 2.5% (w/v) SDS and subjected to biotinylation by adding 2 mM biotin-HPDP, 50 mM ascorbate, and 10 mM CuSO 4 , followed by 2 h incubation at room temperature . Residual biotin-HPDP was removed by precipitation with a 4 vols. of À 20 C acetone, and the resulting pellet was carefully washed with 80% (v/v) acetone. The proteins were separated by non-reducing SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes for immunoblotting analysis using a primary anti-biotin antibody (1 : 8,000 dilution; Sigma, #B7653) and an anti-mouse secondary antibody conjugated with peroxidase (1 : 20,000 dilution; Sigma, #NA931). Signals were visualized as chemiluminescent signals using an Amersham ECL Prime kit (GE Healthcare Life Sciences).
Transient reporter assay
For transient reporter assay, the protoplast cells were generated from Arabidopsis T87 suspension cultured cells, according to the method of Abel and Theologis (1994) After the subsequent centrifugation (100Âg, 3 min, at room temperature), the protoplast pellet was resuspended in the solution composed of 2 vols. of 0.5 M mannitol and 1 vol. of 200 mM CaCl 2 , followed by centrifugation (100Âg, 3 min, at room temperature). Finally, the protoplasts were resuspended in 30 ml of W5 solution (154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, 5 mM glucose, 1.5 mM MES-KOH, pH 5.6) and incubated on ice for at least 30 min before the transfection.
Protoplasts were resuspended to the density of 5Â10 6 protoplasts ml À1 in MaMg solution (0.4 M mannitol, 15 mM MgCl 2 , 5 mM MES-KOH, pH 5.6). A mixture of 10 ml of plasmid DNAs containing 500 ng of pAGL-X1E1, 200 ng of the effector plasmids and 100 ng of the Renilla luciferase expression plasmid pRL-SV40 (Yamaguchi et al. 2008 ) was added to 190 ml of protoplast solution, and gently mixed. Immediately the PEG solution [0.4 M mannitol, 100 mM Ca(NO 3 ), 40% (w/v) PEG 4000] was added to make a final PEG concentration of 20% (w/v), and carefully and gently mixed by pipetting. After the 20 min incubation at room temperature, the protoplast mixture was carefully diluted with 1.2 ml of W5 solution, and the protoplasts were collected by the centrifugation (100Âg, 3 min, at room temperature). The protoplasts were washed once with 0.4 M mannitol/W5 solution (4 : 1), and then resuspended in a 400 ml of modified MS medium (Nagata 1984) with or without 1 mM GSNO. Transfected protoplasts were incubated in the dark at 22 C for 20 h. The luciferase activities were measured by the Dual-Luciferase Reporter Assay System (Promega) and the TriStar LB 941 (Berthold).
Supplementary data
Supplementary data are available at PCP online. 
